Effect of winglets on a first-generation jet transport wing.  5:  Stability characteristics of a full-span wing with a generalized fuselage at high subsonic speeds by Jacobs, P. F.
/ 
NASA Technical Paper 1163 
. , '  
Effect of Winglets 
on a First-Generation 
Jet Transport Wing 
V - Stability Characteristics 
of a Full-Span Wing With 
a Generalized Fuselage 
at High Subsonic Speeds 










TECH LIBRARY KAFB, NM 
I llllll1111111111 l1Il111111 lll lll Il1 1111 
0234289 
NASA Technical Paper 1163 
Effect of Winglets 
on a First-Generation 
Jet Transport Wing 
V - Stability Characteristics 
of a Full-Span Wing With 
a Generalized Fuselage 
at High Subsonic Speeds 
Peter F. Jacobs 
Langley Research Center 
Humpton, Virginia 
National Aeronautics 
and Space Administration 




This paper p r e s e n t s  t h e  effects o f  w ing le t s  on the  s t a t i c  aerodynamic 
s t a b i l i t y  c h a r a c t e r i s t i c s  o f  a KC-135A j e t  t r a n s p o r t  model a t  high subsonic  
speeds.  
s u r e  tunne l  us ing  0.035-scale wing pane l s  mounted on a genera l ized  r e sea rch  
fuselage. 
The i n v e s t i g a t i o n  was conducted i n  t h e  Langley 8-foot t r anson ic  pres -  
Data were taken over a Mach number range from 0.50 t o  0.95 a t  ang le s  o f  
a t t a c k  ranging from -120 t o  200 and s i d e s l i p  ang le s  o f  Oo, 5O, and -5O. The 
model was tested a t  two Reynolds number ranges t o  achieve  a wide angle-of- 
a t t a c k  range and t o  determine t h e  effect  o f  Reynolds number on s t a b i l i t y .  
Resul t s  o f  t h e  i n v e s t i g a t i o n  i n d i c a t e  that  adding t h e  wingle t s  t o  the 
basic-wing conf igu ra t ion  produces small i n c r e a s e s  i n  both la teral  and longi -  
t u d i n a l  aerodynamic s t a b i l i t y  and tha t  the  model s t a b i l i t y  inc reases  s l i g h t l y  
w i t h  Reynolds number. The wing le t s  do inc rease  t h e  wing bending moments 
s l i g h t l y  but  the  b u f f e t  onse t  c h a r a c t e r i s t i c s  o f  t h e  model are not affected 
by t h e  wingle t s .  
INTRODUCTION 
Winglets are in tended  t o  provide a s u b s t a n t i a l l y  g r e a t e r  reduct ion  i n  
induced drag a t  cruise  cond i t ions  than t h a t  obtained w i t h  a s imple wing-tip 
ex tens ion  which was designed t o  impose t h e  same bending-moment increments on 
t h e  w i n g  s t r u c t u r e  as the  wing le t s .  The Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion (NASA) has  been conducting ex tens ive  experimental  i n v e s t i g a -  
t i o n s  of  t he  e f f e c t s  o f  w ing le t s  on first- and second-generation j e t  t r a n s p o r t  
wings. (See r e f s .  1 t o  7 . )  
A s  a r e s u l t  o f  the  c r u i s e  performance b e n e f i t s  shown i n  the  wind-tunnel 
i n v e s t i g a t i o n  of  r e fe rence  1, NASA and the  U.S. A i r  Force have i n i t i a t e d  a 
j o i n t  f l i g h t  research and demonstration program t o  examine the  a p p l i c a t i o n  o f  
wingle t s  t o  t h e  KC-135A t r a n s p o r t  a i r c r a f t .  I n  suppor t  o f  t h e  program, exten-  
s i v e  wind-tunnel i n v e s t i g a t i o n s  have been conducted on semispan and fu l l - span  
models of  t he  K C - 1 3 5 A .  Performance, l o a d s ,  s t a b i l i t y  and c o n t r o l ,  and b u f f e t  
data have been obtained over the  a i rcraf t  o p e r a t i o n a l  envelope. 
T h i s  paper ,  which is one of  a ser ies ,  p r e s e n t s  f o r c e  and moment data 
a t  high subsonic  speeds f o r  a 0.035-scale fu l l - span  model of t h e  KC-135A wing 
on a r e p r e s e n t a t i v e  fuse l age .  Two s e p a r a t e  wind-tunnel e n t r i e s  were made 
w i t h  t h i s  model. The first e n t r y  was concerned mainly w i t h  s t a b i l i t y  char- 
acter is t ics  a t  cruise cond i t ions  over  a l i m i t e d  angle-of-at tack range from 
-80 t o  1 I o  f o r  a Reynolds number range from 12.5 x IO6/, (3.8 x 1 0 6 / f t )  t o  
18.7 x IO6/, ( 5 .7  x 1 0 6 / f t ) .  
achieve a wider angle-of-at tack range from -120 t o  20° f o r  a Reynolds number 
o f  10.8 x IO6/, (3 .3  x 1 0 6 / f t ) .  
The second e n t r y  w a s  made s p e c i f i c a l l y  t o  
Data were taken  over  a Mach number range 
from 0.50 t o  0.95 and a t  s i d e s l i p  ang le s  of 0°, 5 O ,  and -5O. Data from both 
wind-tunnel e n t r i e s  are presented  he re in .  For some o f  t h e  Mach numbers, t h e  
angle-of-at tack range presented v a r i e s  as a r e s u l t  o f  t he  i n c l u s i o n  o f  d a t a  
from the two wind-tunnel e n t r i e s .  The tests were conducted i n  t h e  Langley 
8-foot t r a n s o n i c  p re s su re  tunnel .  
SYMBOLS 
The r e s u l t s  presented  i n  t h i s  paper are referred t o  t h e  s t a b i l i t y - a x i s  
system f o r  t h e  l o n g i t u d i n a l  aerodynamic characterist ics and t o  t he  body-axis 
system f o r  the l a t e r a l - d i r e c t i o n a l  aerodynamic characterist ics.  Force and 
moment data have been reduced t o  convent ional  c o e f f i c i e n t  form based on t h e  
geometry of  t he  b a s i c  wing planform. Moments are re ferenced  t o  t h e  qua r t e r -  
chord p o i n t  of  t h e  mean aerodynamic chord o f  the  basic wing. A l l  dimensional 
va lues  are given i n  both the  I n t e r n a t i o n a l  System o f  Units  (SI )  and U.S. 
Customary Uni t s ;  however, a l l  measurements and c a l c u l a t i o n s  were made i n  
u.S. Customary Uni t s .  (See ref. 8.) 
Coef f i c i en t s  and symbols used h e r e i n  are def ined  as fol lows:  
b wing span,  138.7 c m  (54.6 i n . )  
Bending moment 
%(SI2 1 (b /2 )  
wing bend ing-momen t c o e f f i c i e n t  , ~~ .__ CB 
C B , r m s  wing root-mean-square ( r m s )  bending-moment c o e f f i c i e n t  (ob ta ined  
from an i n t e g r a t i o n  o f  r m s  d e v i a t i o n s  about  s t eady- s t a t e  bending- 
moment v a l u e ) ,  
rms bending moment 
qw(S/2> (b /2 )  
Drag 
CD drag c o e f f i c i e n t ,  - 
%us 
CL 
L i f t  
l i f t  c o e f f i c i e n t ,  - 
qWS 
*CL 
l i f t - c u r v e  s l o p e ,  -, per degree cLcr Aa 
C l  rolling-moment c o e f f i c i e n t  ( C 1  on computer-drawn f i g u r e s ) ,  


















rate o f  change o f  rolling-moment c o e f f i c i e n t  wi th  s i d e s l i p  angle  
, per  degree ( e f f ec t ive -d ihedra l  parameter ) ,  -Ac2 
AB 
P i t ch ing  moment 
p i t c h  ing  -momen t coe f f i c i e n t  , 
qoDSC 
ACm 
l o n g i t u d i n a l  s t a b i l i t y  d e r i v a t i v e ,  - 
ACL 
pitching-moment c o e f f i c i e n t  a t  z e r o  l i f t  
Yawing moment 
yawing-moment c o e f f i c i e n t ,  
qcoSb 
rate o f  change o f  yawing-moment c o e f f i c i e n t  wi th  s i d e s l i p  ang le  
, per  degree ACn ( d i r e c t i o n a l - s t a b i l i t y  parameter ) ,  -
AB 
Side f o r c e  
s ide- force  c o e f f i c i e n t ,  
qcos 
rate of  change o f  s ide - fo rce  c o e f f i c i e n t  with s i d e s l i p  angle 
, per  degree ( s ide - fo rce  parameter ) ,  -ACY 
AB 
l o c a l  streamwise chord o f  wing 
mean aerodynamic chord o f  basic r e fe rence  wing panel ,  
21.03 c m  (8.28 i n . )  
t i p  chord of b a s i c  r e fe rence  wing panel ,  9.96 cm (3.92 i n . )  
span o f  wingle t  from chord p lane  o f  wing t i p  ( s e e  f i g .  2 ( b ) ) ,  
c m  ( i n . )  
free-stream Mach number 
free-stream dynamic p r e s s u r e ,  kPa ( p s f )  
Reynolds number p e r  un i t  l e n g t h ,  p e r  m ( p e r  f t )  
b a s i c  wing planform re fe rence  area, 0.270 m2 (2.91 f t 2 )  
X chordwise d i s t a n c e  from lead ing  edge, p o s i t i v e  a f t ,  c m  ( i n . )  
3 
Z v e r t i c a l  coord ina te  o f  a i r f o i l ,  p o s i t i v e  upward, c m  ( i n . )  
a angle  of  at tack, deg 
B ang le  o f  s i d e s l i p ,  deg 
A incrementa l  va lue  
Sub s c r i p t  : 
basic basic wing 
EXPERIMENTAL APPARATUS AND PROCEDURES 
Test F a c i l i t y  
The i n v e s t i g a t i o n  was conducted i n  t h e  Langley 8-foot t r a n s o n i c  p re s su re  
t u n n e l ,  a continuous-flow, s ing le - r e tu rn  tunne l  w i t h  a s l o t t e d ,  r ec t angu la r  
test s e c t i o n .  The l o n g i t u d i n a l  s l o t s  i n  the  f l o o r  and c e i l i n g  o f  t h e  t es t  
s e c t i o n  reduce w a l l  i n t e r f e r e n c e  e f fec ts  and a l low r e l a t i v e l y  large models t o  
be tested through t h e  subsonic  speed range.  Avai lab le  c o n t r o l s  permit  inde- 
pendent v a r i a t i o n  o f  Mach number, s t agna t ion  p res su re  and temperature ,  and dew 
po in t .  A more d e t a i l e d  d e s c r i p t i o n  o f  the  tunne l  is found i n  r e fe rence  9 .  
Model Descr ip t ion  
The wind-tunnel model used i n  t h i s  i n v e s t i g a t i o n  cons i s t ed  o f  0.035-scale 
KC-135A wing pane l s  mounted on a r e p r e s e n t a t i v e  fuse l age .  
model i n  the  wind tunne l  are shown i n  f i g u r e  1 .  Drawings of  t h e  model are 
shown i n  f i g u r e  2.  
Photographs of  t h e  
Fuselage.-  A gene ra l i zed  research fuse l age  without  a t a i l  was used t o  
A comparison of  t h e  r ep resen t  the  KC-135A fuse l age  i n  t h i s  i n v e s t i g a t i o n .  
two is shown i n  f i g u r e  3. 
The fuse l age  used i n  t h i s  i n v e s t i g a t i o n  has a maximum diameter o f  
14.58 cm (5.74 i n . )  and is 125.88 c m  (49.56 i n . )  long.  The fuse l age  we t t ed  
area is approximately 0.52 m2 (5.63 f t 2 ) .  
is about  14 pe rcen t  less than t h a t  typical o f  narrow-body f i r s t - g e n e r a t i o n  j e t  
t r a n s p o r t s  l i k e  the  KC-135A. 
The f i n e n e s s  r a t i o  o f  t h e  fuse l age  
The lower s u r f a c e  of  t he  wing was faired i n t o  the fuse l age ,  producing a 
r e l a t i v e l y  f l a t  bottom t h a t  extended from near  the  wing l ead ing  edge t o  
approximately the  trailing edge o f  t h e  w i n g .  T h i s  lower-surface f i l l e t  d i d  
not  i n c r e a s e  the  maximum diameter o f  t h e  fuse l age .  
W i n g . -  The w i n g  of the model has 7O d i h e d r a l ,  2O o f  inc idence  a t  the roo t  
chord, and no geometr ic  t w i s t .  A t y p i c a l  outboard a i r f o i l  s e c t i o n  is  shown i n  
f i g u r e  4 and its coord ina te s  are presented i n  table  I. The wing th i ckness  
r a t i o  v a r i e s  non l inea r ly  from 15 percent  a t  the  wing-fuselage j u n c t u r e  t o  
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9 percent  a t  the  t r a i l i ng -edge  break s t a t i o n  (0 .54(b /2) )  and then remains con- 
s t a n t  t o  t h e  wing t i p .  The t r a p e z o i d a l  planform o f  t h e  b a s i c  wing (extended 
t o  the  fuse lage  c e n t e r  l i n e )  has  a sweep a t  t h e  quarter-chord o f  350, an a s p e c t  
r a t i o  o f  7.0, and a t a p e r  r a t i o  of 0.35. For a l l  d a t a  a n a l y s i s ,  t h e  r e fe rence  
geometry parameters  S, b,  and 6 are based on t h e  t r a p e z o i d a l  planform o f  
t h e  b a s i c  wing. 
Winglet.- A d e t a i l e d  drawing of t h e  wingle t  used i n  t h i s  i n v e s t i g a t i o n  
is given i n  f i g u r e  2 ( b ) .  
g e n e r a l  a v i a t i o n  a i r f o i l .  The lower-surface coord ina te s  of  t h i s  a i r f o i l  were 
then  sca l ed  t o  produce an 8-percent- thick a i r f o i l  wi th  greater camber. 
a i r f o i l  coo rd ina te s  are presented  i n  table 11. 
The wingle t  was der ived  from a 9-percent- thick 
Winglet 
The wingle t  has  a span equa l  t o  t h e  wing-tip chord,  a r o o t  chord equa l  
t o  65 percent  o f  t h e  wing-tip chord,  a leading-edge sweep of  380, a t a p e r  r a t i o  
o f  0.32, and an a s p e c t  r a t i o  o f  2.33. The t o t a l  area of both wing le t s  is  
3.2 percent  o f  t h e  t r a p e z o i d a l  planform area of  t h e  basic wing. The wingle t  
is  canted outboard 1 5 O  from v e r t i c a l  (75O d i h e d r a l )  and toed ou t  4O ( l ead ing  
edge outboard)  r e l a t i v e  t o  t h e  fuse l age  center l i n e .  The wingle t  is untwisted 
and t h e r e f o r e  has  cons t an t  nega t ive  geometr ic  inc idence  a c r o s s  its span. The 
"upper surface1! o f  t h e  wingle t  is the  inboard s u r f a c e .  
To smooth t h e  t r a n s i t i o n  from t h e  wing t o  t h e  wing le t s ,  f i l l e t s  were added 
t o  the  i n s i d e  co rne r s  a t  those  junc tu res  and t h e  o u t s i d e  corners  were rounded. 
Nacelles.- Flow-through n a c e l l e s  were used wi th  an i n l e t  diameter o f  
2.90 c m  (1 .14  i n . )  and an e x i t  diameter of 2.08 c m  (0 .82 i n . ) .  The i n l e t  diam- 
e ter  w a s  maintained back t o  approximately 0.66 o f  t h e  n a c e l l e  l eng th  and the% 
tapered l i n e a r l y  t o  the  e x i t .  
Boundary-Layer T r a n s i t i o n  S t r i p s  
Boundary-layer t r a n s i t i o n  s t r i p s  were placed on both s u r f a c e s  of  t h e  wing 
and wing le t s .  These s t r i p s  were comprised of a 0.159-cm (0.06-in.)  wide band 
of  carborundum g r a i n s  set  i n  a p l a s t i c  adhes ive .  The g r a i n s  were s i zed  on t h e  
basis of  r e fe rence  10. No. 220 g r a i n s  were app l i ed  t o  t h e  wing upper and lower 
s u r f a c e s  a t  0 . 0 5 ~ .  No. 240 g r a i n s  were placed on t h e  upper ( inboard)  s u r f a c e s  
of  t h e  wing le t s  a t  0 . 0 5 ~  and No. 220 g r a i n s  were app l i ed  a t  0 . 3 5 ~  on t h e  wing- 
l e t  lower (outboard)  s u r f a c e s .  
The t r a n s i t i o n  s t r i p s  on t h e  lower s u r f a c e  o f  t h e  wing le t s  were l o c a t e d  
rearward i n  an a t t empt  t o  s imula te  f u l l - s c a l e  Reynolds number boundary-layer 
cond i t ions  ( re f .  1 1 ) .  The s t r i p s  on t h e  upper s u r f a c e  o f  t h e  wing le t s  were 
loca ted  forward t o  i n s u r e  t r a n s i t i o n  ahead o f  t h e  shock wave f o r  t he  va r ious  
test cond i t ions .  The f l u o r e s c e n t - o i l  f i l m  flow v i s u a l i z a t i o n  technique 
descr ibed  i n  r e fe rence  12 w a s  employed t o  v e r i f y  t h e  presence o f  laminar flow 
ahead o f  t h e  t r a n s i t i o n  s t r i p  f o r  t h e  wing and wing le t s .  
T rans i t i on  s t r i p s  of t h e  same width as for t h e  wing were a l s o  placed on 
t h e  fuse l age ,  n a c e l l e s ,  and pylons.  A s t r i p  o f  No. 220 carborundum g r a i n s  w a s  
app l i ed  t o  the  fuse l age  3.81 c m  (1.50 i n . )  a f t  o f  t h e  nose.  No. 240 g r a i n s  
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were app l i ed  t o  the nacelles and pylons 0.635 c m  (0.25 i n . )  downstream o f  the  
leading edges o f  t hose  s u r f a c e s .  
Measurements 
Force and moment data were obta ined  by use  o f  a six-component electrical 
s t ra in-gage  balance housed wi th in  the  fuselage c a v i t y .  Angle o f  attack was 
measured by an acce lerometer  t h a t  was a l s o  housed w i t h i n  the fuselage. 
p r e s s u r e s  were measured i n  the  model sting c a v i t y  by us ing  d i f f e r e n t i a l -  
p re s su re  t r ansduce r s  re ferenced  t o  free-stream s t a t i c  p res su res .  Wing b u f f e t  
and bending-moment data were measured by an electrical  s t r a i n  gage i n  the  wing. 
The gage was l o c a t e d  a t  approximately 0.30~ of  t h e  0.23(b/2) s t a t i o n  o f  t h e  
l e f t  w i n g  panel .  
Static 
Correc t ions  
The ang le  o f  at tack of t h e  model was c o r r e c t d  f o r  flow a n g u l a r i t y  i n  the  
tunne l  t e s t  s e c t i o n .  This  c o r r e c t i o n  was obta ined  from upr igh t  and i n v e r t e d  
tests o f  t h e  basic w i n g  conf igu ra t ion .  The l i f t  and pitching-moment c o e f f i -  
c i e n t s  have been ad jus t ed  t o  correspond t o  t h e  cond i t ion  o f  free-stream s t a t i c  
p res su re  i n  the  sting cav i ty .  No Mach number c o r r e c t i o n  was made f o r  blockage 
effects.  
Test Condit ions 
Throughout t h e  e n t i r e  tes t ,  s t a g n a t i o n  temperature  was maintained a t  
322 K (120° F), and the  a i r  was d r i e d  u n t i l  the  dew po in t  was s u f f i c i e n t l y  low 
t o  prevent  condensat ion effects.  The test  cond i t ions  f o r  which data were 
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PRESENTATION OF RESULTS 
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are presented  i n  the  fo l lowing  f i g u r e s :  
Figure 
Var i a t ion  of  drag c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t 1  . . . . . . . . . . .  5 
Var i a t ion  o f  pitching-moment c o e f f i c i e n t  and ang le  o f  attack 
wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . .  6 '  
Summary o f  s t a t i c  l o n g i t u d i n a l  aerodynamic characterist ics.  
f3 = 0 0 ;  CL = 0.44 . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Var ia t ion  of  rolling-moment, yawing-moment, and s ide- force  
c o e f f i c i e n t s  w i t h  l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . .  8 
Summary o f  s t a t i c  l a t e r a l - d i r e c t i o n a l  aerodynamic characterist ics.  
c L = o . 4 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Var i a t ion  o f  incremental  bending-moment c o e f f i c i e n t  w i t h  
l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Var ia t ion  of  wing root-mean-square bending-moment c o e f f i c i e n t  
wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . .  1 1  
RESULTS AND DISCUSSION 
Previous experimental  i n v e s t i g a t i o n s  of  t he  effects  o f  w ing le t s  on the  
KC-135A jet  t r a n s p o r t  (refs.  4 t o  6 )  were mainly concerned w i t h  performance 
parameters a t  c r u i s e  and second-segment-climb cond i t ions .  For those  i n v e s t i -  
g a t i o n s ,  a 0.07-scale  semispan model was used t o  o b t a i n  the  highest  p o s s i b l e  
wingle t  Reynolds numbers. The purpose o f  the  p r e s e n t  i n v e s t i g a t i o n  was t o  
determine the  effects  o f  w ing le t s  on t h e  s t a t i c  aerodynamic s t a b i l i t y  character- 
i s t ics  of  t h e  KC-135A a t  subsonic  speeds.  I n  t h i s  i n v e s t i g a t i o n  a sting-mounted 
fu l l - span  model was used. 
Both the  semispan and fu l l - span  models were tested a t  approximately t h e  
same combinations o f  Mach number and dynamic p res su re .  However, the smaller 
s i z e  o f  t h e  wing le t s  on the fu l l - span  model produces sk in - f r i c t ion -d rag  penal-  
t i es  which are a greater percentage  o f  the t o t a l  drag than those  f o r  the semi- 
span model. This  effect  is due t o  t h e  d i f f e r e n c e  i n  wingle t  Reynolds number 
between the  two models. I n  a d d i t i o n ,  the  wing pane l s  f o r  the fu l l - span  model 
were not  designed t o  deflect t o  t h e  a c t u a l  f u l l - s c a l e  shape a t  c r u i s e  condi- 
t i o n s  as was the  semispan model wing. Unpublished chordwise p re s su re  and 
1Note t h a t  some of the data obtained exceeds the range o f  va lues  presented  
i n  f i g u r e  5. While these data p o i n t s  have been omit ted i n  f i g u r e  5, the  com- 
pu te r  fairings through these p o i n t s  have been r e t a i n e d  wi th in  t he  range 
presented .  
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spanwise load d i s t r i b u t i o n s  from t h i s  i n v e s t i g a t i o n  v e r i f y  t h a t  a t  c r u i s e  con- 
d i t i o n s  the w i n g  t i p s  o f  t h e  fu l l - span  model were more h igh ly  loaded than  those  
of  e i t h e r  t he  semispan model or the f u l l - s c a l e  a i rcraf t .  For these reasons ,  
the performance data obta ined  i n  t h i s  i n v e s t i g a t i o n  are no t  considered repre-  
s e n t a t i v e .  More a p p l i c a b l e  performance d a t a  are found i n  re ference  4. The 
performance data p resen ted  h e r e i n  are inc luded  f o r  r e f e r e n c e  only.  
During c r u i s e ,  t h e  KC-135A cargo/ tanker  aircraft  can f l y  a t  a wide range 
o f  wing loadings  and l i f t  c o e f f i c i e n t s .  Much o f  t h e  data a n a l y s i s  h e r e i n  is  
centered  around 
p lane  l i f t  c o e f f i c i e n t  o f  about  0 .4 ,  an average va lue  f o r  a r e p r e s e n t a t i v e  
mission.  
C ~ , b ~ ~ i ~  = 0.44 ,  which corresponds t o  an o v e r a l l  trimmed air- 
Longi tudina l  Aerodynamic C h a r a c t e r i s t i c s  
The s t a t i c  l o n g i t u d i n a l  aerodynamic characterist ics o f  the model w i t h  and 
without  w ing le t s  are presented  i n  f i g u r e s  5 and 6 and summarized i n  f i g u r e  7 .  
A s  shown i n  r e fe rence  3 ,  t h e  gene ra l  effect  o f  adding a l i f t i n g  su r face  such 
as a wingle t  behind t h e  c e n t e r  o f  g r a v i t y  is an i n c r e a s e  i n  the s t a t i c  aerody- 
namic s t a b i l i t y  o f  the model. T h i s  t rend  can be seen i n  f i g u r e  7 as more pos i -  
t i v e  C L ~  va lues  and more negat ive  C 
Estimates have i n d i c a t e d ,  however, t h a t  the increments  i n  p i t ch ing  moment due 
t o  the a d d i t i o n  o f  the  wing le t s  would not  r e s u l t  i n  any apprec iab le  t r i m  drag 
p e n a l t i e s  over t h e  range o f  cond i t ions  tes ted.  There is very l i t t l e  change i n  
z e r o - l i f t  pitching-moment c o e f f i c i e n t s  f o r  t h e  two conf igu ra t ions  over  t h e  Mach 
number range t e s t e d .  The s t a b i l i t y  o f  t he  model t ends  t o  inc rease  s l i g h t l y  up 
t o  the  drag-rise Mach number of  about  0.79 because of  the  a d d i t i o n  o f  the  wing- 
l e t s ,  and t h e  increments  between t h e  basic-wing and wingle t  conf igu ra t ions  
remain nea r ly  cons t an t  up t o  t h e  drag- r i se  Mach number. 
va lues  f o r  t h e  winglet  conf igu ra t ion .  
mCL 
Comparison o f  f i g u r e s  7 (a )  and 7 ( b )  shows t h a t  the  increment i n  long i tud i -  
n a l  s t a b i l i t y  o f  the  model due t o  the  wing le t s  i n c r e a s e s  s l i g h t l y  w i t h  Reynolds 
number. 
La te ra l -Di rec t iona l  Aerodynamic Characteristics 
The s t a t i c  l a t e r a l - d i r e c t i o n a l  aerodynamic characterist ics of  the  model, 
w i t h  and without  w i n g l e t s ,  are presented  i n  f i g u r e  8 and are summarized i n  f ig-  
u re  9 .  Because t h e  winglets are n e a r l y  v e r t i c a l ,  t h e  la teral  s t a b i l i t y  o f  t h e  
model is  a f f e c t e d  more than t h e  l o n g i t u d i n a l  s t a b i l i t y .  Def in i t e  i n c r e a s e s  i n  
t h e  la teral  s t a b i l i t y  o f  t he  model due t o  the  wing le t s  are shown i n  f i g u r e  9.  
As i n  t h e  l o n g i t u d i n a l  case, the increments  between the  basic-wing and wingle t  
conf igu ra t ions  tend t o  remain cons t an t  up t o  t h e  d rag - r i s e  Mach number. Note 
t h a t  both c o n f i g u r a t i o n s  become l a t e r a l l y  uns t ab le  p o s i t i v e  CQ) between 
M, = 0.85 and M, = 0.95. A t  these cond i t ions ,  the forward w i n g  ( r i g h t  wing 
i f  B is p o s i t i v e )  s talls  first,  r e s u l t i n g  i n  a d e s t a b i l i z i n g  r o l l i n g  moment. 
( 
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A very  s l i g h t  p o s i t i v e  inc rease  i n  s t a b i l i t y  parameter increments due t o  
the  wing le t s  is shown w i t h  i n c r e a s i n g  Reynolds number ( f ig s .  9 ( a )  and 9 ( b ) ) .  
The abso lu te  va lues  o f  the increments i n  l o n g i t u d i n a l  and lateral s t a b i l i t y  
parameters  due t o  t he  wing le t s  are small f o r  t h e  Reynolds number range o f  t h i s  
i n v e s t i g a t i o n .  However, experience sugges ts  t h a t  the s t a b i l i t y  increments  
e x h i b i t e d  by the  wing le t s  w i l l  cont inue  t o  i n c r e a s e  w i t h  f u r t h e r  i n c r e a s e s  i n  
Reynolds number. 
Wing Bending-Moment Increments 
W i n g  bending-moment increments due t o  t h e  a d d i t i o n  o f  the  wing le t s  are 
summarized i n  f i g u r e  10 f o r  both the  nominal (B = O o )  and the  l'worst casef1 con- 
d i t i o n s .  For t h i s  i n v e s t i g a t i o n ,  the worst  case occurs  w i t h  t h e  model a t  a 
s i d e s l i p  ang le  o f  -5O (nose r i g h t ) .  I n  t h i s  p o s i t i o n ,  t he  sweep of  t he  wing 
panel  on which the bending-moment gage is mounted ( l e f t  pane l )  is reduced 5 O  
and the  inc idence  o f  the  l e f t  wingle t  is inc reased  by 5O. 
l e f t  w i n g  and w i n g l e t  experience higher l o a d s ,  and t h e  wing bending moments 
i n c r e a s e  accord ingly .  
increment w i t h  l i f t  c o e f f i c i e n t  and Mach number are shown i n  f i g u r e  10 f o r  the 
nominal case. I n  g e n e r a l ,  t h e  bending-moment increments  due t o  t he  wing le t s  
are 5 t o  6 percent  higher than f o r  the  basic wing f o r  t h i s  range o f  Mach number. 
A t  Mach numbers above 0.85, the  bending-moment increments  are s t r o n g l y  i n f l u -  
enced by shock-induced s e p a r a t i o n  a t  the wing t i p s  and, t h e r e f o r e ,  tend t o  vary  
s i g n i f i c a n t l y  w i t h  l i f t  c o e f f i c i e n t .  
Therefore ,  both t h e  
Up t o  Mach 0.85, only small v a r i a t i o n s  i n  bending-moment 
Bending-moment increments  f o r  t he  worst  case (6 = -5O) range from 12 t o  
20 percent  a t  low l i f t  c o e f f i c i e n t s  but  decrease r a p i d l y  w i t h  i n c r e a s i n g  l i f t  
c o e f f i c i e n t  because o f  wingle t  s t a l l .  A s  p rev ious ly  mentioned, the wing-tip 
loads  f o r  t h i s  model are higher  than f o r  t he  f u l l - s c a l e  a i r c ra f t ;  consequent ly ,  
t h e  bending-moment increments  shown are a l s o  higher than would be expected f o r  
t h e  f u l l - s c a l e  a i rc raf t .  
Buffet  Onset 
W i n g  b u f f e t  c h a r a c t e r i s t i c s  were obta ined  from i n t e g r a t i o n s  o f  root-mean- 
square d e v i a t i o n s  about  the s t eady- s t a t e  bending-moment va lue  from t h e  bending- 
moment gage mounted on t h e  l e f t  wing panel .  Figure 11 p r e s e n t s  the  wing b u f f e t  
characterist ics f o r  the  nominal and worst-case cond i t ions .  For Mach 0.50 
and 0.70 ( f ig s .  I l ( a )  and I l ( b ) ) ,  no change i n  wing b u f f e t  characterist ics due 
t o  the  winglets is shown f o r  e i ther  6 = Oo or 6 = - 5 O .  For both configu- 
r a t i o n s ,  b u f f e t  onse t  occurs  for the  nominal case a t  l i f t  c o e f f i c i e n t s  o f  0.6 
and 0.4 a t  Mach 0.78 and 0.82 ( f i g s .  I l ( c )  and l l ( d ) ) ,  r e s p e c t i v e l y .  A t  both 
these Mach numbers, b u f f e t  onse t  f o r  t h e  worst  case occurs  a t  a l i f t  c o e f f i -  
c i e n t  0 .2  less than f o r  the  nominal case because o f  high wing and wingle t  l oads  
on t h e  panel  w i t h  reduced sweep. 
and l l ( f ) ) ,  widespread boundary-layer s e p a r a t i o n  r e s u l t s  i n  wing b u f f e t  f o r  
both conf igu ra t ions  a c r o s s  the  l i f t - c o e f f i c i e n t  range presented .  The b u f f e t  
data presented are considered conse rva t ive ,  a g a i n  because of  absence o f  aero-  
e las t ic  deformation o f  the  model wing panel .  
A t  Mach numbers above 0.85 ( f ig s .  l l ( e )  
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SUMMARY OF RESULTS 
A wind-tunnel investigation of winglets on 0.035-scale KC-135A jet trans- 
port wing panels has been conducted at high subsonic speeds. 
were mounted on a generalized fuselage that approximates the fuselage of the 
KC-135A airplane. Data are presented for two separate wind-tunnel entries 
which indicate the following: 
The wing panels 
1. Adding the winglets to the basic-wing configuration produced small 
increases in static longitudinal and lateral aerodynamic stability. 
2. The stability increases due to the winglets increased slightly with 
Reynolds number. 
3. The winglets produced small increases in the wing bending moments 
measured at the 23-percent semispan station. 
4. The buffet onset characteristics of the model were not affected by 
the winglets. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
February 23, 1978 
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TABLE I.- COORDINATES OF TYPICAL OUTBOARD WING S E C T I O N  
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TABLE 11.- A I R F O I L  COORDINATES FOR WINGLETS 
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14 
-- - -  
Moment reference center , 
70.41 ( 27.72) 
4 125.88 (49.56). t 
I - 
Moment reference center 
- 
u 
9.96 (3.92) -1 
.34 
( a>  General l a y o u t  of model. 
F igu re  2.- Drawings of model. Dimensions are i n  c e n t i m e t e r s  ( i n c h e s ) .  
Typical winglet section 
I ,- Upper surface 
Section A-A / 
I- 0 
( b )  Details of winglets .  
Figure 2.- Concluded. 
G e n e r a l i z e d  f u s e l a g e  
K C - 1 3 5 A  f u s e l a g e  - -- 
Figure 3 . -  Comparison of generalized fuselage wi th  actual KC-135A model fuselage. 
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R = 14.4 x 106 per  m (4.4 x lo6 per f t ) .  
Figure 5.- Variat ion of  drag c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t .  
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( b )  M, = 0.70; R = 10.8 x 106 per m (3.3 x lo6 per ft). 



















( C )  
I .n 
Winglets 



































( d )  M, = 0.75; R = 17.7 x lo6 per m (5.4 x IO6 per  ft). 
Figure 5.- Continued. 
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( e )  M, = 0.78; R = 10.8 x lo6 per  m (3.3 x lo6 per  f t ) .  
F igure  5. - Continued. 
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D 
( f )  M, = 0.78; R = 17.1 x IO6 p e r  m (5 .2  x IO6 p e r  f t ) .  
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CL 
M, = 0.80; R 17.1 x IO6 per  m (5.2 x IO6 per  ft). 
Figure 5.- Continued. 
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(h) M, = 0.82; R 16.7 x I O 6  p e r  m (5.1 x lo6 per  ft). 




(i) M, = 0.85; R = 16.1 x IO6 p e r  m (4.9 x IO6 p e r  f t ) .  
F i g u r e  5.- Continued. 
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(j) M, = 0 . 9 0 ;  R = 10.8 x IO6 p e r  m (3.3 x IOb p e r  f t ) .  





























I l l  
R = 15.7 x IO6 per  m (4 .8  x lo6 per  ft). 


































(1) M, = 0 .95 ;  R = 10.8 x IO6 per  m ( 3 . 3  x lo6 per  f t ) .  
F igure  5.- Continued. 
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= 12.5 x IO6 per m (3.8 x IO6 per ft). 
Figure 5.- Concluded. 
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( a>  M, = 0.50; R = 14.4 x IOb per  m (4 .4  x lo6 per  f t ) .  
I 
Figure 6.- Var i a t ion  o f  pitching-moment c o e f f i c i e n t  and ang le  o f  at tack 





(b) M, = 0.70; R = 10.8 x 
CL 
106 per m (3.3 x 106 per ft>. 




( e )  M, = 0.70; R = 18.7 x IO6 per m ( 5 . 7  x l o 6  per ft). 
Figure 6. - Continued. 
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R = 17.7 x IO6 per m (5.4 x IO6 per ft). 
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(e) M, = 0.78;  R = 10.8 x lo6 pe r  m (3.3 x IO6 per f t ) .  
Figure  6.- Continued. 
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(f) M, = 0.78; R = 17.1 x lo6 per  m (5 .2  x lo6 per  f t ) .  





(g)  M, = 0.80; R = 17.1 x IO6 per  m (5 .2  x lo6 per  ft). 
Figure  6.- Continued. 
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R = 16.7 x lo6 per  m (5.1 x lo6 per  ft). 
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R = 10.8 x lo6 per (3.3 x 106 per f t ) .  






(k) M, = 0 . 9 0 ;  R = 15.7 x IO6 per m (4.8 x IO6 per ft). 
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(1) M, = 0.95; R = 10.8 x 
Figure 6. 
CL 




(m) M, = 0 . 9 5 ;  R = 12.5 x lo6 pe r  m (3.8 x lo6 per  ft). 
















.4 .5 .6 .7 .a .9 I .o 
Mm 
(a> High Reynolds number range. 
Figure 7.- Summary of static longitudinal aerodynamic characteristics. 
B = 00; CL = 0.44. 
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(b) Low Reynolds number range. 
Figure 7.- Concluded. 
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CL 
(a) M, = 0.50; R = 14.4 x lo6 per  m (4 .4  x lo6 per  f t) .  
Figure 8.- Variat ion of  rolling-moment, yawing-moment, and side-force 







(b) M, = 0.70; R 10.8 x lo6 per m (3.3 x lo6 per ft). 
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( c )  M, = 0.70; 
Winglets p, deg 
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Winglets P, deg 










c n o  
-.01 
0 
( d )  M, = 0.75; R = 17.7 x lo6 per  m (5.4 x lo6 per  ft). 
Figure 8.- Continued. 
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(f) M, = 0.78; R = 17.1 x lo6 per m (5.2 x lo6 per ft). 
Figure 8.- Continued. 
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(g> M, = 0.80; R = 17.1 x IO6  per  m (5 .2  x 106 per  f t ) .  
F igure  8.- Continued. 
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(h) M, = 0.82; R = 16.7 x 106 per m (5.1 x 106 per ft). 
Figure 8.- Continued. 
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(i> M, = 0.85; R = 16.1 x IO6  per  m (4.9 x lo6 per  f t ) .  
F igure  8.- Continued. 
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(j) M, = 0.90; R = 10.8 x lo6 per  m (3.3 x lo6 per  ft). 
Figure 8.- Continued. 
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(k) M, = 0.90; R = 15.7 x lo6 per  m (4.8 x lo6 per  ft). 
Figure  8.- Continued. 
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F igure  8. - Continued. 
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(a> High Reynolds number range. 
Figure 9.- Summary of static lateral-directional aerodynamic characteristics. 























(b) Low Reynolds number range.  










Figure 10.- Var i a t ion  o f  incrementa l  bending-moment c o e f f i c i e n t  wi th  
l i f t  c o e f f i c i e n t .  
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Figure 11.- Variation of wing root-mean-square bending-moment coefficient with lift coefficient. 
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(b) M, = 0.70;  R = 18.7 x 106 per m (5.7 x IO6 per  ft). 
Figure 11.- Continued. 
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(c )  M, = 0.78; R = 17.1 x lo6 per m (5.2 x IO6 per f t ) .  
Figure 11 . -  Continued. 
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( d )  M, = 0.82; R = 16.7 x lo6 per m (5.1 x lo6 per  f t ) .  
Figure 11.- Continued. 
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(e )  M, = 0.90; R = 15.7 x 106 per m (4.8 x lo6 pe r  f t ) .  
F igu re  11.-  Continued. 
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Figure 11.- Concluded. 
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